Temperature is one of the most important thermodynamic properties measured and controlled in energy generation systems. To operate the energy system at optimum operating conditions for lower emission and higher efficiency, it is important to measure real-time temperatures. Furthermore, temperature sensing in intense environments is necessary since most sensors in energy systems get exposed to elevated temperatures, corrosive environments, and elevated pressures. One of the solutions for developing harsh environment sensors is to use ceramic materials, especially functional ceramics such as pyroelectrics. Pyroelectric ceramics could be used to develop active sensors for both temperature and pressure due to their capabilities in coupling energy among mechanical, thermal, and electrical domains. In this study, Lithium niobate (LiNbO 3 ) pyroelectric ceramic material was used to develop a temperature sensor for high-temperature applications. LiNbO 3 has high Curie temperature (1210°C) compared to other pyroelectric ceramic materials. A high Curie temperature material is important since the polarization properties of the material break down above the Curie temperature. Hence, the use of a material with a higher Curie temperature, such as LiNbO 3 , makes it promising to be used as a sensing material for high-temperature applications. A study was performed to actively measure the temperature up to 500°C using a pyroelectric ceramic lithium niobate (LiNbO 3 ) as a sensor material. Due to the non-linear pyroelectric response of LiNbO 3 , the temperature-dependent pyroelectric coefficient of LiNbO 3 was measured with a dynamic pyroelectric coefficient technique in temperature ranges up to 500°C. Temperature-dependent pyroelectric coefficient of LiNbO 3 was found to increase from 20.5 3 10 25 to 23.70 3 10 25 C/m 2°C from room temperature to 500°C. The LiNbO 3 sensor was then tested for higher temperature sensing at 220°C, 280°C, 410°C, and 500°C and has shown 4.31%, 2.1%, 0.4%, and 0.6% deviation, respectively, compared with thermocouple measurements.
Introduction
Temperature monitoring plays an essential role for control of overall safety and efficiency in fossil fuel-based energy generation systems. To operate the energy system at optimum operating conditions, it is important to measure temperatures in real time. Particularly, harsh environment temperature sensing is critical since most sensors in an energy system are exposed to high temperature, high pressure, and corrosive environments. There is an increasing demand for high-temperature sensor networks as well as a major interest in energy system applications for harsh environment applications. The proper operation and management of energy systems improve the power consumption efficiencies and reduce the detrimental impact on the environment from emission of pollutants which includes greenhouse gases, CO 2 and NO (Wang et al., 2008) . There are different key parameters that control energy conversion performance, such as temperature and pressure, along with other parameters such as flow rate and density. Among these, temperature is one of the most important thermodynamic properties measured and controlled in energy generation systems. Real-time temperature measurement for harsh environment (high pressure and temperature) in energy generation systems can prevent catastrophic failure (Franco and Diaz, 2009; Wang et al., 2008; Yvon and Carre´, 2009) .
In this article, a lithium niobate (LiNbO 3 ) pyroelectric ceramic was used to develop a high-temperature sensor with experimentally measured and characterized temperature-dependent pyroelectric coefficient of LiNbO 3 . Pyroelectric materials have been used as pyroelectric thermometers for low-temperature applications, energy harvesting, tracking motion direction, and for monitoring indoor objects Lang et al., 1969; Tsai and Young, 2003; Zappi et al., 2010) . LiNbO 3 has higher Curie temperature (1210°C) compared to other pyroelectric ceramic materials, including Pb(Zr 0.52 Ti 0.48 )O 3 (PZT) and polyvinylidene difluoride (PVDF), and making it promising to use LiNbO 3 as a sensor material for high-temperature applications. Pyroelectric materials have temperature-dependent spontaneous polarization (Batra and Aggarwal, 2013; Smith and Amon, 2007) and maintain a net polarization with rate of temperature change with time. The net polarization is proportional to the charge that accumulates on the surface of the material (Hossain and Rashid, 1991) . Pyroelectric materials generate current with corresponding rate of temperature change with time and the generated current is presented in equation (1)
where Q is the generated charge, p is the pyroelectric coefficient, A is the electrode cross section area, and dT=dt is the rate of temperature change with time. The total amount of charge accumulated by the material for a certain time period can be determined by integrating equation (1) and presented by equation (2) (Cuadras et al., 2010) . Equation (2) can be rewritten into equation (3) to calculate the temperature of pyroelectric material at any specific time
where T i is the initial temperature at time t i (room temperature) and T f is the final temperature at any specific time t f . The initial temperature, total amount of current for a period of time (t i to t f ), and physical parameters were used with equation (3) to calculate the final temperature (T f ). The total amount of current for any certain period of time (
Idt) was calculated using numerical integration with Simpson's one-third rule (Su¨li and Mayers, 2003) .
The pyroelectric coefficient (p) of LiNbO 3 is also a function of temperature. The non-linear pyroelectric coefficient is critical for the accuracy of temperature sensing. The pyroelectric coefficient for LiNbO 3 at room temperature has been reported to be between 24.10 3 10 25 and 26.4 3 10 25 C/m 2°C (Bartholoma¨us et al., 1994; Savage, 1966) . Savage (1966) characterized the pyroelectric coefficient of LiNbO 3 for a temperature range of 25°C to 450°C and determined the value to be between 24.10 3 10 25 and 216.10 3 10 25 C/m 2°C for this temperature range, respectively. Although the non-linear relation of pyroelectric coefficient value as a function of temperature could be considered from the study of Savage (1966) , the value may vary according to the LiNbO 3 manufacturing processes. Therefore, a dynamic pyroelectric measurement technique was conducted with the sensor sample that was used for the current project to measure the pyroelectric coefficient at different increments of temperature ranges up to 500°C.
According to equation (1), the generated charge and current from a pyroelectric detector is a function of surface area of the detector (A) and pyroelectric coefficient (p), and rate of temperature change with time (dT=dt). Thus, for accuracy, it is important to determine the pyroelectric coefficient with respect to temperature. There are three different methods to determine the parameter using stimulus temperature including static, indirect, and dynamic method (Ivill et al., 2013) . Among them, the dynamic method is the most widely used (Chynoweth, 1956; Dias et al., 1993; Lang and Steckel, 1965; Newsome and Andrei, 1997; Simhony and Shaulov, 1972) . The dynamic method uses the Byer-Roundy technique (Byer and Roundy, 1972 ) to measure the current from a pyroelectric material by applying constant rate of temperature change with time (dT=dt) over a small range of temperature. A periodic cycle of heating and cooling with constant dT=dt is applied to the pyroelectric material to increase measurement accuracy. A pyroelectric device generates the same amount of constant current for constant dT=dt with reverse polarity. The value of current for a constant dT=dt is taken to measure the pyroelectric coefficient using the following equation
Experimental methodology and technical approach
A commercial LiNbO 3 single crystal ceramic (50.8 cm 3 50.8 cm 3 0.2 cm) was used in this study (Gooch & Housego, Palo Alto, CA, USA). Figure 1 shows the commercial LiNbO 3 used in this study, which has pyroelectric coefficient of 28.3 3 10 25 C/m 2°C at 25°C. A small section of 1 cm 3 1 cm was cut and used as the sensor material. Electrodes were coated (Pyro-Duct 597-C, Aremco, Valley Cottage, NY, USA) on top and bottom surfaces of the sensor and two electrical leads (Omega NIC-80; Omega Engineering, Stamford, CT, USA) covered with high-temperature resistive sleeve (Mcmaster-Carr, Elmhurst, IL, USA) were connecting on top and bottom surfaces with conductive adhesive (Pyro-Duct 597-A; Aremco). Both conductive adhesive and coating are high-temperature resistive, electrically and thermally conductive. Figure 2 shows the sample material of LiNbO 3 , leads connection with adhesive and high-temperature ceramic sleeve. A picoammeter (KEITHLEY 6485) was used to measure the current output from the LiNbO 3 sensor with respect to rate of temperature change with time.
At first, the LiNbO 3 sensor was characterized with heating and cooling. Later, low and high rate of temperature changes with time were applied to the sample sensor, and temperatures were measured for these two different conditions in the low-temperature range (\100°C). The pyroelectric coefficient (p) value of LiNbO 3 was considered constant provided by the manufacturer at room temperature for low-temperature ranges. Temperature measurement with LiNbO 3 at high-temperature range (up to 500°C) was also conducted with LiNbO 3 using pyroelectric coefficient from the study of Savage (1966) . These results were shown in previous work (Sarker et al., 2015 . Using non-linear relationship of pyroelectric coefficient from the study of Savage (1966) , a maximum 11% deviation was found between the sensor temperature measurement and thermocouple. To reduce the deviation at high temperatures, the dynamic technique (Ivill et al., 2013) was used to find the temperaturedependent pyroelectric coefficient of LiNbO 3 sensor used for this study. This article shows high-temperature measurement with LiNbO 3 sensor using the experimentally measured temperature-dependent pyroelectric coefficient.
For the high-temperature tests up to 500°C using temperature-dependent pyroelectric coefficient, the LiNbO 3 sensor was placed inside a tube furnace (OTF-1200 X-S-UL; MTI Corporation, Richmond, CA, USA), as shown in Figure 3 . A K-type thermocouple was also placed near the LiNbO 3 sensor to get the reference temperature for comparison.
For the pyroelectric coefficient measurement, the same experimental setup was used. LiNbO 3 sensor was subjected to cyclic heating and cooling with a constant rate of temperature change with time. A sample sensor was prepared with high-temperature resistive electrode and leads and placed inside a tube furnace along with the thermocouple close to the sensor.
Results and discussion
The non-linear pyroelectric coefficient of LiNbO 3 was characterized using the aforementioned dynamic technique. Figure 4 shows an example temperature profile applied to the sensor with its corresponding rate of temperature change with time. Based on the set temperature of the tube furnace, the sensor experienced a temperature rise up to 410°C within 35 min and remained steady at this temperature for the following 20 min. During the 20 min of steady state operation at 410°C, the sample experienced no rate of temperature change, hence there was no current generated from the sample. Once the sample reached the steady state condition, a cyclic temperature was applied to the sample that varied between 410°C and 350°C with a rate of 60.12°C/s temperature change, which caused constant current output from the sensor. Figure 5 shows the generated current from the sample along with rate of temperature change.
The current at the peaks were constant; this constant current value and the rate of temperature change with time were inserted into equation (4) in order to calculate the pyroelectric coefficient for the range of temperature 350°C-410°C. Table 1 shows the temperaturedependent pyroelectric coefficient of LiNbO 3 for different temperature ranges. It was observed that the values for the pyroelectric coefficient varied with temperature significantly. This is similar to the previous study that found values of the pyroelectric coefficient on the same order of magnitude (Savage, 1966) . The pyroelectric coefficient of LiNbO 3 at room temperature (25°C) used for this study was provided by the manufacturer (Gooch & Housego) which is different from the LiNbO 3 used for the study by Savage (1966) . Deviations in values from previous study may be attributed to differences in the material manufacturing process or effects of the high-temperature environment on the behavior of the sample. The pyroelectric coefficients of LiNbO 3 were also measured at low-temperature ranges with the furnace at different temperature ranges from room temperature to 218°C. Differences within experimental uncertainties were found between the measured pyroelectric coefficients and manufacturer value.
For temperature measurements done at the hightemperature range (up to 500°C), the LiNbO 3 sensor was prepared using a high-temperature resistive coating, adhesive, and ceramic sleeve as shown in Figure 2 . The LiNbO 3 sensor was then placed inside a tube furnace, along with a thermocouple initially at room temperature with both ends of the tube open to the atmosphere. Later, the tube furnace was set to reach 600°C. As the thermocouple was placed close to the LiNbO 3 sensor, the temperature measured by the thermocouple was used to compare with the temperature sensing reading from LiNbO 3 sensor instead of furnace set temperature. The current generated from LiNbO 3 sensor at different operating conditions was used to calculate the temperature of the sensor using equation (3). In equation (3), the temperature-dependent pyroelectric coefficients were taken from Table 1. Figure 6 shows the comparison between temperature measured by the LiNbO 3 sensor (dotted line) and the thermocouple (solid line) at different temperature settings.
For all operating conditions, the furnace temperature was maintained at a steady state condition for 600 s after it reached highest set temperature for steady state sensing characterization. At the first operating condition (Figure 6(a) ), the thermocouple and the sensor measured the maximum temperature of 210°C and 218°C, respectively, at steady state condition. A 4.31% deviation was determined between these points at a steady state condition. Table 2 shows the comparison of deviations for the temperature measurement with LiNbO 3 sensor from room temperature to 500°C inside tube furnace at different conditions. The deviations were measured using percent error between the maximum temperature and the actual temperature from thermocouple at the steady state condition. It is shown that for all temperature ranges, the deviations between the LiNbO 3 and thermocouple are all within expected experimental uncertainties, which demonstrates the feasibility of using LiNbO 3 for high-temperature sensing.
Conclusion
A temperature measurement methodology was developed using pyroelectric properties of a single crystal LiNbO 3 ceramic material. LiNbO 3 ceramic generated current when it was exposed to rate of temperature change with time induced by a tube furnace. The generated current was then used as the sensing output of the pyroelectric ceramic for temperature measurement. Numerical integration with Simpson's one-third rule was applied to the pyroelectric current profile to calculate the total amount of current for a certain period of time. The integration results were used to measure the temperature of the LiNbO 3 at any time and then compared with the temperature measured by the thermocouple placed 2°C from room temperature to 500°C. The LiNbO 3 sample sensor was placed inside a tube furnace with different operating set temperatures. For different set temperatures of the tube furnace, the LiNbO 3 sensor measures the temperature up to 220°C, 280°C, 410°C, and 500°C with 4.31%, 2.1%, 0.4%, and 0.6% deviation, respectively. The LiNbO 3 ceramic was able to measure the temperature up to 500°C with a maximum 0.6% deviation, demonstrating the feasibility of using LiNbO 3 as high-temperature sensor. By measuring the pyroelectric coefficient profile of the LiNbO 3 up to its Curie temperature, it would be possible to use this material for high-temperature applications. The measured pyroelectric coefficients would be a foundation for development of high-temperature sensor and high-temperature energy harvesting.
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